Leymus mollis (2n = 4x = 28, NsNsXmXm) possesses novel and important genes for resistance against multi-fungal diseases. The development of new wheat-L. mollis introgression lines is of great significance for wheat disease resistance breeding. M11003-3-1-15-8, a novel disomic substitution line of common wheat cv. 7182 -L. mollis, developed and selected from the BC 1 F 5 progeny between wheat cv. 7182 and octoploid Tritileymus M47 (2n = 8x = 56, AABBDDNsNs), was characterized by morphological and cytogenetic identification, analysis of functional molecular markers, genomic in situ hybridization (GISH), sequential fluorescence in situ hybridization (FISH)-genomic in situ hybridization (GISH) and disease resistance evaluation. Cytological observations suggested that M11003-3-1-15-8 contained 42 chromosomes and formed 21 bivalents at meiotic metaphase I. The GISH investigations showed that line contained 40 wheat chromosomes and a pair of L. mollis chromosomes. EST-STS multiple loci markers and PLUG (PCR-based Landmark Unique Gene) markers confirmed that the introduced L. mollis chromosomes belonged to homoeologous group 7, it was designated as Lm#7Ns. While nulli-tetrasomic and sequential FISH-GISH analysis using the oligonucleotide Oligo-pSc119.2 and Oligo-pTa535 as probes revealed that the wheat 7D chromosomes were absent in M11003-3-1-15-8. Therefore, it was deduced that M11003-3-1-15-8 was a wheat-L. mollis Lm#7Ns (7D) disomic substitution line. Field disease resistance demonstrated that the introduced L. mollis chromosomes Lm#7Ns were responsible for the stripe rust resistance at the adult stage. Moreover, M11003-3-1-15-8 had a superior numbers of florets. The novel disomic substitution line M11003-3-1-15-8, could be exploited as an important genetic material in wheat resistance breeding programs and genetic resources.
Introduction
Leymus mollis (Trin.) pilger (2n = 4x = 28, NsNsXmXm) is an important tetraploid species in Leymus (Poaceae: Triticeae) and a useful genetic resource for wheat breeding as a tertiary gene pool [1] . L. mollis has several desirable agronomic traits, such as a perennial growth habit, high fecundity, vigorous growth, strong rhizomes [2] , especially good resistance to several fungal diseases, especially stripe rust, powdery mildew [3] [4] [5] , as well as tolerance to alkaline and saline conditions, low temperatures, and drought stresses [6] [7] [8] [9] .
Stripe rust is one of the most destructive diseases of wheat resulting in serious yield losses in susceptible varieties, caused by the fungus Puccinia striiformis f.sp. tritici (Pst) [10, 11] . Furthermore, due to rapid variation in the pathological races of stripe rust, it is really necessary to obtain and utilize new germplasms with resistance genes to breed resistant varieties [12, 13] . Wide hybridization can transfer the desirable traits from wild relatives into common wheat and promote the new alien germplasms with advantageous exogenous genes [14] , and introgression of alien resistance genes from wild relatives has been recognized as an efficient and environmentally safe approach to minimize yield losses due to diseases [15] .
Leymus mollis has been extensively applied for hybridization with common wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) or durum wheat (T. durum, 2n = 4x = 28, AABB). In China, the first hybrids of common wheat 7182 and L. mollis were obtained by embryo rescue and colchicine treatment [16] . Later, many different derivatives have been developed, especially octoploid Tritileymus [17] [18] [19] [20] , which were extensively backcrossed with common wheat as a novel and useful bridge materials for wheat breeding. Several desirable characteristics, including those of drought tolerance, and high protein quality, especially the disease resistance, have been identified and offered valuable resources for wheat improvement. Osmotic-stress-responsive genes from L. mollis have also been incorporated into common wheat [8] . A translocation line Shannong0096 with resistance to stripe rust was developed from interspecific hybridization between common wheat cv. Yannong15 and octoploid Tritileymus M842 [17] . The multiple alien substitution line 05DM6 with resistance to stripe rust at the adult stage, which had three pairs of Ns chromosomes from L. mollis, was also selected from the progeny of octoploid Tritileymus M842-12 and T. durum cv. Trs-372 [20] . 10DM57, a 3Ns (3D) disomic substitution line with resistance to leaf rust was isolated from the F 5 progeny of T. durum cv. D4286 × Octoploid Tritileymus M842-16 [18] . Previously, a wheat-L. mollis partial amphiploid M47 line with highly resistance to stripe rust and powdery mildew at the adult stage in field was developed [21] . In order to further transfer excellent resistance genes of M47 line into common wheat, the development of wheat-L. mollis chromosome addition line, substitution line or translocation line may be a novel step. And meanwhile, detecting and identifying alien chromosomes or segments in a wheat background is essential prior to their use in breeding programs [22] [23] [24] . Here, we characterized a novel wheat-L. mollis disomic substitution line via morphological observation, cytogenetic identification, functional molecular markers analysis, genomic in situ hybridization (GISH), sequential FISH-GISH and disease resistance evaluation.
Genomic in situ hybridization (GISH) and fluorescence in situ hybridization (FISH) are used routinely because they are the most efficient and accurate techniques to directly and precisely detect the alien chromosomes or introgression segments that introduced into the wheat backgrounds [24] , and the constitution of chromosomes can thus be analyzed [25] . Moreover, diverse functional molecular markers are also powerful techniques, which can enable reliable identification of alien chromosomes or introgression fragments in wheat backgrounds, and can determine the homoeologous group relationships of alien chromosomes [15] .
In the present study, we developed and identified a novel wheat-L. mollis Lm#7Ns (7D) disomic substitution line M11003-3-1-15-8, which was derived from the BC 1 F 5 progeny of common wheat cv. 7182 and octoploid Tritileymus M47. It was revealed that the introduced L. mollis Lm#7Ns chromosomes contained new gene(s) for stripe rust resistance in wheat, which can be used as the starting material to incorporate the gene into the wheat genome through chromosome translocation.
Materials and Methods

Materials
The materials included wheat lines cv. 7182, Huixianhong (HXH), Chinese Spring (CS) (2n = 4x = 42, AABBDD), L. mollis (2n = 4x = 28, NsNsXmXm), octoploid Tritileymus M47 (2n = 8x = 56, AABBDDNsNs) and nulli-tetrasomics materials based on CS. A wheat-L. mollis disomic substitution line M11003-3-1-15-8, obtained from the BC 1 F 5 progeny of common wheat cv. 7182 and octoploid Tritileymus M47, 7182 and L. mollis were the parents of M47, which were all maintained at the College of Agronomy, Northwest A&F University, China. 7182 was used as a control in electrophoretic analyses and in the agronomic trait evaluation. Huixianhong (HXH) was employed as the susceptible controls in the stripe rust resistance tests at the adult stage in the field.
Methods
Cytological identification
The roots and young spikes were all sampled in the field at their appropriate stage, respectively, and then the treatment of root tips and anthers were pretreated as described previously [21] . Cells with a complete chromosomes numbers of materials were photographed with an Olympus BX-43 microscope (Japan).
GISH and FISH-GISH
The total genomic DNA of common wheat L. mollis and 7182 were isolated from seedling leaves using a modified CTAB method [26] , with one additional purification step using chloroform to obtain high-quality DNA, which were used for GISH probes and blocks, respectively. The total genomic DNA of L. mollis was labeled with a Dig-Nick Translation Mix (Roche, Germany), sheared genomic DNA of 7182 was used as blocking DNA. The root tips were digested in2% cellulase and 1% pectinase at 37°C for 52-58 min (different digestion time should be needed in various materials); the slides and GISH procedure were performed as described previously [21] . Sequential FISH-GISH was performed to characterize the replaced wheat chromosomes. Oligonucleotide probes Oligo-pSc119.2 and Oligo-pTa535, 5' end-labelled with 6-carboxyfluorescein (6-FAM) or 6-carboxy tetramethylrhodamine (Tamra) was synthesized by Shanghai Invitrogen Biotechnology Co.Ltd. (Shanghai, China), which were used for identifying the whole set of wheat chromosomes by sequential FISH-GISH analysis, probe labeling and in situ hybridization were performed according to Tang et al. [27] . Fluorescent signals were viewed and photographed (Olympus BX53, Japan) equipped with a Photometrics SenSys CCD camera DP 80.
EST-STS and PLUG analysis
EST-STS markers (http://wheat.pw.usda.gov/SNP/new/pcr_primers.shtml) and PLUG (PCRbased Landmark Unique Gene) markers for homoeologous groups 1-7 of wheat chromosomes [13, 28, 29] were all synthesized in AuGCT DNA-SYN Biotechnology Co., Ltd of Beijing. These different markers were used to further determine homoeologous group relationships of the introduced alien chromosomes in the wheat-L. mollis disomic substitution line M11003-3-1-15-8. Polymerase chain reaction (PCR) assays were conducted as described previously [21] . The PCR products of EST-STS markers were separated in 8% non-denaturing polyacrylamide gel and visualized with silver staining, while the products of PLUG markers were analyzed by electrophoresis on a 1% agarose gel, to obtain high levels of polymorphism, an 7.5 μl aliquot of the product was digested with TaqI (65°C) for 2 h or HaeIII (37°C) for 2 h, respectively. Digested fragments were fractionated by electrophoresis on 2% agarose gel in TAE buffer.
Disease resistance and agronomic trait evaluation
To evaluate resistance to stripe rust at the adult stage, a mixture of Puccinia striiformis f. sp. tritici (Pst) races was used, including CYR31, CYR32, CYR33 and Shuiyuan 11 from Shaanxi Province. Common wheat cv. 7182, L. mollis, line M11003-3-1-15-8, and the susceptible control variety HXH was separately tested in the field at the College of Agronomy, Northwest A & F University.
When the control variety HXH were all fully infected after the artificial inoculation, the reactions to the mixed Pst races were scored according to a previously published method, the infection types (IT) scores of wheat stripe rust at adult stage was assessed on a scale from 0-4, as follows: 0, 0; and 1 were considered to be resistant, 2 was recorded to be moderately resistant, 3 and 4 was assessed to be moderately susceptible and susceptible, respectively [30] .
Morphological traits of line M11003-3-1-15-8 and its parents, common wheat cv. 7182, L. mollis, M47, i.e., plant height, plant type, spike length, spikelets per spike, kernels per spikelet, kernels per spike, thousand kernel weight, awnless, self-fertility and maturity, were all sampled randomly and investigated.
Results
Morphology and cytological characterization
M11003-3-1-15-8 was derived from BC 1 F 5 progenies of wheat cv. 7182 and partial amphiploid M47 (2n = 8x = 56, AABBDDNsNs). Plant height, plant type, spike length, long awns of M11003-3-1-15-8 closely resembled those of wheat parent 7182, and exhibiting high seed set as wheat cv. 7182. But M11003-3-1-15-8 had greater kernels per spikelet, higher thousand kernel weight and later maturity than 7182, which were significantly different from wheat parent 7182. No seeds were produced by self-and cross-pollination in L. mollis. (Table 1, Fig 1) . The mitotic and meiotic observations of line M11003-3-1-15-8 indicated that root tip cells (RTCs) had a chromosome number of 42 (Fig 2a) , pollen mother cells (PMCs) formed a pairing configuration of 21 II (Fig 2b) , and the average chromosome configuration at MI was 0.17 univalent, 1.21 rod, 19.62 ring bivalents, no trivalents or quadrivalents were observed at metaphase I, meanwhile no chromosomes was lagged at anaphase I ( Table 2, Fig 2c) . Therefore, line M11003-3-1-15-8 exhibited highly cytological stability.
Molecular markers analysis
Molecular markers were used to determine the homoeologous group relationships of the alien chromosomes. In the present study, two EST-STS markers and seven PLUG markers, i.e., BE482781-7AL 7BL 7DL, BE404955-7AL 7BL 7DL, TNAC1811-HaeШ, TNAC1812-HaeШ / TaqІ, TNAC1926-HaeШ / Taql, TNAC1956-HaeШ, TNAC1826-Taql, TNAC1903-Taql, TNAC1957-Taql which mapped onto the seventh homoeologous group, amplified clear polymorphic bands in M11003-3-1-15-8 and L. mollis but not in the wheat parent cv. 7182. It was suggested that these markers could be used as specific markers of L. mollis chromosomes in M11003-3-1-15-8 ( Table 3 , Figs 3 and 4) , and meanwhile the introduced pair of L. mollis chromosomes in M11003-3-1-15-8 was demonstrated that they were homoeologous with the seventh homoeologous group chromosomes of wheat.
Nulli-tetrasomic analysis
Based on the amplification of nulli-tetrasomic materials of wheat Chinese Spring (CS), the seventh homoeologous group PLUG markers can amplify diagnostic bands in wheat chromosomes 7A, 7B, and 7D specific bands, respectively. As shown in Fig 5, three PLUG primers TNAC1826-Taql, TNAC1957-Taql and TNAC1926-HaeШ / Taql clearly amplified fragments of chromosomes 7A, 7B, and 7D in CS, the L. mollis -specific bands appeared in M11003-3-1-15-8, it was also suggested that the introduced L. mollis chromosome in M11003-3-1-15-8 belonged to homoeologous group 7, while the chromosome 7D-specific band in M11003-3-1- 41.5 ± 0.4** long awn **indicates significant differences between the substitution line M11003-3-1-15-8 and wheat parent 7182 (P < 0.01).
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GISH and FISH-GISH analysis
For GISH, the total genomic DNA of wheat cv. 7182 and L. mollis were used as the block and probe respectively, to identify the introduced L. mollis chromosomes in M11003-3-1-15-8. GISH results of somatic cells showed that M11003-3-1-15-8 had two alien chromosomes with clear hybridization signals (Fig 6) . In order to further determine the wheat chromosomes replaced by L. mollis chromosomes in M11003-3-1-15-8 line, sequential FISH-GISH analysis was performed. Oligo-pTa535, mainly detecting wheat D-genome chromosomes, and Oligo-pSc119.2, mainly identifying Bgenome chromosomes, which can successfully discriminate the whole set of common wheat 42 chromosomes by combining the two oligonucleotide probes. Therefore, first, the standard FISH karyotype patterns of wheat parent cv. 7182 (Fig 7) was painted using probes OligopTa535 and Oligo-pSc119.2 according to Tang et al. (2014) . And also, these two probes were used to hybridize the M11003-3-1-15-8 mitotic spread chromosomes by mutil-color FISH-G-ISH (Fig 8) . Compared with the standard FISH painting of wheat parent cv. 7182, it was deduced that the pair of wheat chromosomes 7D was really absent in M11003-3-1-15-8, which was consistent with the results of nulli-tetrasomic analysis. Namely, the wheat chromosomes 7D were replaced by L. mollis chromosomes Lm#7Ns
Disease resistance evaluation
The reactions of adult plants to the mixed Pst races (CYR30, CYR31, CYR32 and Shuiyuan11) were tested in the field. Wheat parent cv. 7182 and control variety HXH were susceptible to stripe rust when infected with a mixture of the corresponding physiological races, L. mollis was almost immune to these isolates whereas, and M11003-3-1-15-8 also performed highly resistance to stripe rust at the adult stage (Table 4 , Fig 9) . The results indicated that the stripe rust resistance of M11003-3-1-15-8 was inherited from the M47 parent, and was traced to L. mollis.
Discussion
Leymus mollis could perform good resistance to fungal diseases such as powdery mildew, stripe rust, leaf rust and scab [3] [4] [5] . In previous study, various wheat-L. mollis derivatives with alien chromosomes distributed in different homoeologous groups were developed, especially octoploid Tritileymus derived from wheat cv. 7182 and L. mollis could be used as an excellent intermediate resistant material for wheat disease resistance breeding, which incorporated a novel stripe rust and powdery mildew resistance genes from L. mollis [17] [18] [19] [20] [21] 31] . In the present study, M11003-3-1-15-8, a new Lm#7Ns (7D) substitution line with high resistance to stripe rust carried one Ns chromosome pair derived from L. mollis was further developed and screened. It could thus be an interesting germplasm for disease resistance breeding. The stable heritability of alien chromosomes is theoretically and practically significant, therefore, the chromosome constitution and configuration pairing in RTCs and PMCs of M11003-3-1-15-8 was identified by cytological observations, respectively. The results suggested that M11003-3-1-15-8 exhibited highly cytological stability based on 21 bivalents during meiotic metaphase I and no lagging chromosomes at metaphase I. GISH is the visible, accurate and most essential technique for tracking alien chromosomes introduced into the wheat background. To detect the alien chromosomes in M11003-3-1-15-8, GISH was performed using L. mollis and wheat parent cv. 7182 as probe and block respectively at the ratio of 1: 20, it was clearly detected two alien chromosomes with yellow-green hybridization signals in M11003-3-1-15-8. In a word, M11003-3-1-15-8 was cytogenetically stable and carried one pair of L. mollis chromosomes.
To further characterize M11003-3-1-15-8 line, sequential FISH-GISH and nulli-tetrasomic analysis were carried out to determine the substituted wheat chromosomes in M11003-3-1-15-8. FISH is a powerful technique for localizing highly repetitive DNA sequences, detecting specific sites in particular regions of individual chromosomes and discriminate genome constitutions [32, 33] . Many substitution lines related to common wheat chromosomes and alien chromosomes have been identified using FISH or nulli-tetrasomic analysis, including 6G(6B) [34] , 1St(1D) [28] , 6Js/6B [13] , 2R a (2D) [35] , 2Ns(2D) [36] , 2V b (2D) [37] , and 3D(3Ns) [18] .
In this study, the standard FISH karyotype patterns of wheat parent 7182 was painted for the first time using oligonucleotide probes Oligo-pTa535 and Oligo-pSc119.2, which was convenient to distinguish common wheat chromosomes in M11003-3-1-15-8. Thus, based on the sequential FISH-GISH and nulli-tetrasomic analysis, it was deduced that the pair of chromosomes 7D was significantly absent in M11003-3-1-15-8. Molecular markers could provide a simple and precise approach to track the alien DNA in a wheat background based on comparative genome analysis, and could determine the homoeologous group relationship of alien chromosomes in a wheat background, especially those from the conserved genetic region showing high levels of collinearity among the cereal genomes, such as rice, Brachypodium, and wheat [38] . EST-SSR and EST-STS markers could be used to distinguish alien chromosome homoeologous group relationship between aliens chromosomes and those of wheat, and track alien chromosomes [39] . More recently, EST-PCR markers have been employed extensively in terms of convenient manipulation and application as effective tools for genetic and homoeologous relationship analysis of Agropyron cristatum [40] , Dasypyrum villosum [41] , Hordeum californicum [39] , Hordeum chilense [42] , Secale cereale L. [43] , Thinopyrum intermedium [28] , Thinopyrum ponticum [44] , Secale africanum [35] , Psathyrostachys huashanica [45] . In addition, PLUG markers could not only amplify polymorphism among wheat A, B and D genomes due to the intron polymorphisms, displayed similar homoeologous chromosome locations to hexaploid wheat [29, 46] , collinear gene relationships among Triticeae species and sequence polymorphism among different species suggested that PLUG markers could also be used to determine homoeologous group relationships of alien chromosomes. Hu et al. revealed genomic rearrangement between wheat and Th. elongatum using mapped functional molecular markers (EST-SST and PLUG markers). In the present study, we used EST-STS multiple-loci pair primers and PLUG molecular markers from the seven homoeologous groups of wheat to further determine the homoeologous relationships between the introduced L. mollis chromosome and those of common wheat. Two EST-STS markers and seven PLUG markers located on wheat chromosome group 7 could specifically amplify polymorphism bands in M11003-3-1-15-8 and L. mollis, it was suggested that the pair of L. mollis chromosomes in M11003-3-1-15-8 belonged to homoeologous group 7. And meanwhile, these special markers could also be used as unique tools for tracking alien L. mollis in a wheat background, and for comparative gene mapping, chromosomal evolutionary analysis, and gene introgression during wheat improvement using L. mollis accessions as gene donors. In summary, we further developed a new wheat-L. mollis disomic substituion line M11003-3-1-15-8 that was produced spontaneously from the BC 1 F 5 progeny of a cross between octoploid Tritileymus M47 and wheat parent 7182. The introduced L. mollis chromosomes in M11003-3-1-15-8 were associated with homoeologous group 7 of wheat chromosome by cytogenetic, FISH-GISH, and functional molecular markers analysis, and it was temporarily designated as Lm#7Ns. While FISH-GISH and nulli-tetrasomic analysis results demonstrated that the pair of wheat chromosomes 7D were absent in M11003-3-1-15-8. Therefore, M11003-3-1-15-8 is a new Lm#7Ns (7D) substitution line. The self-fertility of M11003-3-1-15-8 was as high as 91.0%, which approached the normal level found in common wheat, suggested that all of the chromosomes in M11003-3-1-15-8 had normal pairing and separation. Furthermore, although wheat group 7 chromosomes contained the spike characteristics such as spike length and grain weight genes [45] , M11003-3-1-15-8 did not take along negative spike traits, this also indicated that the Lm#7Ns chromosome from L. mollis could compensate for the absence of the 7D chromosome from wheat. What's more, wheat-L. mollis disomic substitution line M11003-3-1-15-8 was highly resistant to stripe rust at adult stage, it was revealed that the L. mollis chromosome Lm#7Ns possessed stripe rust resistances gene(s). Moreover, the superior spike trait of substitution line M11003-3-1-15-8 will be particularly significant for enhancing the crop yield because it allows more kernels to be formed per spike. It is worth noting that several L. mollis chromosomes contain novel stripe rust resistance genes, and the introgressed genes can be expressed in the wheat backgrounds.
In a word, M11003-3-1-15-8 was a novel wheat-L. mollis Lm#7Ns (7D) disomic substitution line with stripe rust resistance, which could be exploited as an important genetic material in wheat resistance breeding programs and genetic resources.
